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Superconducting coplanar waveguide resonators that can operate in strong magnetic fields are
important tools for a variety of high frequency superconducting devices. Magnetic fields degrade
resonator performance by creating Abrikosov vortices that cause resistive losses and frequency fluc-
tuations, or suppressing superconductivity entirely. To mitigate these effects we investigate litho-
graphically defined artificial defects in resonators fabricated from NbTiN superconducting films.
We show that by controlling the vortex dynamics the quality factor of resonators in perpendicular
magnetic fields can be greatly enhanced. Coupled with the restriction of the device geometry to
enhance the superconductors critical field, we demonstrate stable resonances that retain quality
factors ' 105 at the single photon power level in perpendicular magnetic fields up to B⊥ ' 20 mT
and parallel magnetic fields up to B‖ ' 6 T. We demonstrate the effectiveness of this technique for
hybrid systems by integrating an InSb nanowire into a field resilient superconducting resonator, and
use it to perform fast charge readout of a gate defined double quantum dot at B‖ = 1 T.
I. INTRODUCTION
Superconducting (SC) coplanar waveguide (CPW) res-
onators are invaluable tools for parametric amplifiers
[1, 2], photon detectors that operate from the infra-red
to X-ray frequencies [3–5] and hybrid systems that cou-
ple superconducting circuits to cold atoms [6], solid state
spins ensembles [7–9], nanomechanical resonators [10, 11]
and semiconducting devices [12–18]. They are also a key
component in a variety of quantum computing (QC) plat-
forms, where they are used for readout, control and long-
range interconnection of superconducting [19–22], semi-
conducting [23–26] and topological [27, 28] qubits.
A common requirement among these schemes is that
the SC resonators be low loss in order to minimize un-
wanted relaxation via the Purcell effect [29] and maxi-
mize two qubit gates fidelities [30]. Significant progress
has been made in identifying the major loss mechanisms
involved. Abundant defects in amorphous materials that
couple dissipatively to the electric field of SC CPW res-
onators and act as effective two level systems (TLSs) were
the first to be identified [31]. Their detrimental effects
can be mitigated by minimizing the interface area and
improving the quality of interfaces. Subsequently, stray
infrared radiation was shown to generate quasiparticles
in the SC, significantly increasing losses and necessitating
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multi-stage radiative shielding to isolate the resonators
from their environment [32]. In addition, when fabri-
cated from type II superconductors, even small magnetic
fields (Bc1 ' 1 µT) result in the creation of Abrikosov
vortices: regions of supercurrent that circulate a non-
superconducting core. When exposed to high frequency
radiation the Lorentz force causes them to oscillate, gen-
erating quasiparticles and increasing losses [33]. Encas-
ing the resonators in multiple layers of magnetic shield-
ing strongly suppresses the number of vortices generated
by local magnetic fields, while the use of a type I SC
such as Al allows for complete expulsion of magnetic flux
via the Meissner effect. Through a combination of these
techniques, internal quality factors (Qi) in excess of 10
6
have been demonstrated at the single photon power levels
[34, 35].
Many semiconducting and topological QC schemes are
accompanied by an additional requirement: strong mag-
netic fields that approach and sometimes exceed B = 1 T.
This renders traditional magnetic shielding methods use-
less and destroys the superconductivity of the Al com-
monly used to fabricate SC CPW resonators (Bc '
10 mT for bulk Al). One possible solution utilizes type
II superconductors with high upper critical magnetic
fields such as MoRe, TiN or NbTiN, allowing the su-
perconductivity to persist in very strong magnetic fields
(BMoRec2 > 8 T [36], B
NbTiN
c2 > 9 T [37]) while possess-
ing a low enough density of TLSs to allow high Qi res-
onators at zero field [38, 39]. In order to create high Qi
SC resonators that can survive in strong magnetic fields,
controlling the creation and dynamics of Abrikosov vor-
tices is key. Previous studies have utilized the intrinsic
disorder in NbTiN [40] and YBCO [41] films, or litho-
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2graphically defined artificial defect sites [42] to pin the
vortices, preventing dissipation and demonstrating mod-
erate quality factors up to 104 in parallel magnetic fields.
In other studies, the resonator geometry has been re-
stricted below the superconducting penetration depth to
prevent the formation of vortices entirely [43–46]. Im-
pressively, nanowire resonators have achieved Qi of 10
5
at B|| ' 6 T and Qi = 104 at B⊥ = 350 mT, however this
non-standard geometry may hinder their implementation
into complex systems due to the challenging lithography,
the required removal of the ground plane and the strong
sensitivity of the resonator frequency to variations in the
film’s kinetic inductance. When considering reliability
and scalability, devices based on CPW resonators that
have been rendered field compatible may be preferable.
In this work we demonstrate that thin film NbTiN SC
CPW resonators with lithographically defined artificial
defect sites (hereafter referred to as ‘holes’) can retain
a high Qi in strong magnetic fields. We first study how
the SC film thickness affects the response and Qi of res-
onators in parallel magnetic fields in order to optimize
field resilience. We then determine how the hole den-
sity affects the dynamics of Abrikosov vortices, enabling
Qi ' 105 to be retained in perpendicular magnetic fields
up to B⊥ ' 20 mT. Combining these results, we reduce
the number of vortices that are generated by restricting
the film thickness and utilize holes to control the vor-
tices that do occur. This allows Qi ' 105 at single pho-
ton power levels to be retained up to B‖ ' 6 T. Finally,
we use these patterned resonators to perform fast charge
readout of a hybrid InSb nanowire double quantum dot
device at B‖ = 1 T.
II. METHODS
The superconducting CPW resonators are fabricated
from NbTiN films sputtered from a 99.99% purity NbTi
target in an Ar/N atmosphere onto 2 inch 430µm thick
sapphire (0001) orientation wafers. A typical 100 nm film
has a Tc of 14 K, a resistivity of 123 µΩ cm and stress of -
400 MPa. The resonators are defined using electron beam
lithography (EBL) and a subsequent reactive ion etch
(RIE) in an SF6/O2 atmosphere and if desired, holes can
be patterned and etched in the same step. After fabrica-
tion, the samples are mounted in a light tight copper box
and thermally anchored to a dilution refrigerator with
a base temperature of 15 mK. The complex microwave
transmission S21 through the sample is measured using
standard heterodyne demodulation techniques [Fig. 1 (a)]
which allow the complex transmission S21 to be measured
as the probe frequency f is varied. The input line to the
sample is heavily attenuated, which suppresses thermal
noise and allows the cavity photon occupancy to reach be-
low a single photon. An external magnetic field is applied
to the sample with a 3-axis 6-1-1 T vector magnet. The
circulators used in this study are magnetically shielded
to prevent stray fields from interfering with their oper-
(b)
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FIG. 1. (a) Circuit diagram of the heterodyne detection cir-
cuit, allowing the complex transmission S21 to be measured.
(b) A cropped optical image showing a typical device with
multiple λ/4 resonators frequency multiplexed to a common
feedline and surrounded by a patterned ground plane. SEM
micrographs of a SC CPW resonator without (c) and with
holes (d).
ation. Two different types of samples are used in this
study. The first, used for characterization experiments,
contains several λ/4 resonators multiplexed to a single
feedline [Fig. 1 (b-d)]. This allows for the coupling qual-
ity factor Qc and internal quality factor Qi to be accu-
rately determined by fitting the transmission spectra. In
the second geometry, we use a λ/2 resonator geometry
that is integrated with a nanowire double quantum dot.
In this case, we only fit the loaded quality factor Ql . All
internal quality factors reported in this manuscript corre-
spond to single photon power levels. See Supplementary
Information for detailed notes on fitting procedures and
device parameters.
III. FILM THICKNESS DEPENDENCE
We first utilize the critical field enhancement observed
in thin strips of type II superconductors [43]. Applica-
tion of a magnetic field along an axis where the thickness
t is significantly smaller than the penetration depth λ
results in complete expulsion of vortices below an en-
hanced critical field. This enhanced field takes the form:
3Bc1 = 1.65Φ0/t
2, where Φ0 is the magnetic flux quantum
and t is the film thickness [43, 44]. Calculating Bc1 for
a 22 nm film suggests that the first vortex nucleates at
Bc1 = 5.17 T for a perfectly aligned field, an improve-
ment of many orders of magnitude compared to a bulk
film.
To investigate this effect a series of SC CPW res-
onators without holes were fabricated on 4 different
NbTiN films of thicknesses 8 nm, 22 nm, 100 nm and
300 nm [Fig. 2 (a)]. λ can be estimated in extremely dirty
type II superconductors for T → 0 K as λ =√~ρ/piµ0∆0
[47] with ~ being the reduced Planck constant, ρ the film
resistivity, µ0 the permeability of free space and ∆0 the
superconducting gap at T = 0 K. For our films λ is esti-
mated to vary between 350 to 480 nm depending on the
film thickness and measured material parameters.
In thin films, the reduction in Cooper pair density
causes the inertial mass of the charge carriers to be-
come important at microwave frequencies, which results
in an additional series inductance, or kinetic inductance
Lk. We estimate the kinetic inductance fraction α =
Lk/(Lg + Lk) for each film by comparing the measured
resonator frequency to one predicted by an analytical
model, where Lg is the inductance due to the resonator
geometry. Thinner films showed an increased kinetic in-
ductance fraction as expected for a strongly disordered
superconductor such as NbTiN [Fig. 2 (b)]. While thin-
ner films should increase the magnetic field compatibility,
as α approaches 1 the increase in inductance adds addi-
tional challenges for impedance matching and frequency
targeting. At the same time, frequency targeting of the
resonators becomes increasingly difficult due to the sen-
sitivity of Lk with respect to material parameters that
become less consistent in thinner films [47].
At B = 0 T, the transmission spectra of each sample
shows a series of resonances, each corresponding to a fre-
quency multiplexed resonator. All films display stable
resonances with Qi varying between 10
4 and 105. Exam-
ple resonances for t = 300 nm and 22 nm films are shown
in Fig. 2 (c) and (d) respectively.
A magnetic field B‖ is then applied parallel to the film
using the vector magnet, using the response of the res-
onator itself to align the magnetic field (see Supplemen-
tary Information for alignment details). This results in
the different films displaying markedly different behav-
ior. Measurements at B|| > 100 mT on devices with film
thicknesses of t = 100 nm and 300 nm [for t = 300 nm
see Fig. 2 (e)] show a homogeneous broadening of their
resonances, a reduction in their resonance frequency and
reduction in Qi. This is consistent with increased intrin-
sic losses and increased inductance due to a high density
of Abrikosov vortices. At fields above 125 mT, the re-
duction in Qi and broadening are so extreme that we are
unable to resolve the resonances.
In contrast, resonators with film thickness of t = 8 nm
and 22 nm show inhomogenous broadening [for t = 22 nm
see Fig. 2 (f)], with fluctuations of a high Q resonance
on the timescale of seconds. We attribute this behavior
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FIG. 2. (a) Diagram showing the shorted end of a λ/4 res-
onator of length L with a central conductor of width S and
gap W and no holes. (b) Extracted value of α for each t,
showing a sharp increase in α for t  λ. (c,d) S21 versus
f for resonators with t = 300 nm and 22 nm, showing high
Qi, stable resonances at B = 0 mT. (e,f) S21 versus f for
t = 300 nm and 22 nm at B‖ ≥ 100 mT.
to a smaller number of vortices being pinned in the su-
perconductor, with vortex depinning events occurring on
the same timescale as the measurement. These depin-
ning events may also occur more often in thinner films
due to a reduced superconducting order parameter ∆SC
(see Supplementary Information) and increased variabil-
ity in t. While the reduced vortex number is consistent
with an enhancement of the critical field, we note that it
is still far below the expected theoretical field enhance-
ment of Bc1 for these films. We attribute this to small
misalignments and local deviations in the magnetic field
that suppress the critical field enhancement, resulting in
a higher than expected vortex density. If resonator per-
formance is to be protected in strong magnetic fields, the
detrimental effects of these vortices must be mitigated.
4IV. HOLES
IV.1. Perpendicular Field Dependence
Defects in the film locally reduce ∆SC in the supercon-
ductor, creating a potential well in which the energy cost
required to break the superconductivity in that region is
reduced, providing an additional mechanism for control-
ling Abrikosov vortices. As it is energetically favourable
for the vortex to sit in the defect, it experiences a corre-
sponding restoring force pinning it into the defect, min-
imising losses [33, 42, 48, 49]. The defects used in this
experiment are holes in the superconducting film that
are defined by EBL and RIE. This allows them to be
patterned in the same step as the resonators and have a
diameter smaller than the vortices (λ > d > ξ), allowing
high hole densities ρh to be achieved.
We fabricated a sample from a t = 22 nm film with
resonators of different ρh varying from 0 to 28.8 µm−2 to
determine the effect of holes on resonator performance.
The resonators retain a constant CPW geometry and the
ground plane is patterned with large square holes that
trap residual local magnetic fluxes in the environment
(see Supplementary Information). The holes have diam-
eters d = 100 nm and are patterned into hexagonal ar-
rays on the central conductor and edges of the adjacent
ground planes. Unlike previous experiments with holes
at the edge of the resonator [42], we leave a gap of at
least 1µm to the film edge to avoid interfering with the
bulk of the current that flows at the edges of the CPW
[50]. The hole densities can be converted to a thresh-
old ‘critical field’ BTh (ranging between 0 and 59.69 mT)
that when applied perpendicular to the plane of the film
fills each hole with a single Abrikosov vortex. Above BTh
additional vortices are no longer strongly pinned by the
holes but instead only weakly pinned by film defects and
interstitial pinning effects.
Field-cooled measurements are performed by applying
a perpendicular magnetic field B⊥ to the sample above
Tc ∼ 14 K of the NbTiN, then cooling the sample to
base temperature before performing transmission mea-
surements to characterize the resonators. At B = 0 T, all
resonators are measured with Qi > 10
5 [Fig. 3 (a)]. Res-
onators with a non-zero ρh trap the few vortices that form
due to the local magnetic environment near the CPW,
enhancing Qi. At higher ρh, Qi reduces, possibly due
to increased losses occurring in the larger metal-vacuum
interface area [51].
The behavior of Qi versus B⊥ field is plotted in
Fig. 3 (b) together with the calculated BTh for each hole
density. For B < BTh, each resonator retains a high
Qi as all vortices can be trapped in holes. Once every
hole is full (B > BTh) Qi sharply decreases, as addi-
tional vortices are then only weakly pinned and can be-
come itinerant in the SC film, resulting in resistive losses.
The same response is observed in the fractional frequency
∆fr/fr = (fr − fB=0r )/fr of the resonators [Fig. 3 (c)].
For B < BTh, the magnetic field increases the rate of
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(a) 퐵 = 0 T
FIG. 3. (a) Qi versus ρh for field-cooled resonators at B⊥ =
0 T. (b) Qi versus B⊥ for varying ρh. BTh for each resonator
is plotted with a colour matched vertical line. (c) ∆fr/fr
versus B⊥ for varying ρh with BTh plotted as in (b).
Cooper pair breaking, increasing Lk and resulting in a
gradual reduction of fr [46]. Once B > BTh the vortices
are no longer pinned by the hole lattice and become itin-
erant, significantly increasing the inductive load on the
resonator resulting in a comparatively large frequency
shift.
At larger ρh (≥ 12.8 µm−2) the results start to devi-
ate from the expected response. We attribute this to
the vortex density approaching a regime where the vor-
tices start to overlap, meaning that the superconductiv-
ity can no longer assumed to be homogeneous, increas-
ing losses. Unusually, the resonator with highest ρh (i.e.
the ‘hole-iest’ resonator) experiences a reduction in Qi at
∼ 15 mT along with the other resonators, but retains a
relatively high Qi ' 105 and flat ∆fr/fr response until
B⊥ ' 35 mT. This behavior is consistent with a fraction
of the vortices penetrating the SC film, but not being
itinerant. This would result in the observed Qi reduction
while protecting the resonators fr from the sharp reduc-
tion observed in the other resonators. This is suggestive
of interstitial pinning effects that have been extensively
studied previously and could be used to further increase
the perpendicular field compatibility of these resonators
[52–54].
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FIG. 4. (a) S21 versus f−fr for a typical t = 22 nm resonator
with holes at B‖ = 0 T, 0.1 T and 5.5 T. (b) Extracted Qi
versus B‖. Inset shows the inverse of the extracted ge-factor
from Qi minima of each resonator as a function of B||. (c)
Extracted ∆fr/fr versus B‖. A fit of the data with ∆fr/fr =
−kB2|| gives k = 2.2× 10−3 T−2. Inset is a diagram showing
the distribution of holes around the CPW.
IV.2. Parallel Field Dependence
To demonstrate that thin films and a low density of
holes can be used to increase the resilience of resonators
to strong parallel magnetic fields, a sample with 12 res-
onators of varying CPW dimensions but constant hole
density were fabricated from t = 22 nm films. The holes
are 300 nm in diameter and arranged in hexagonal lat-
tice around the CPW with a density of ρh = 1.2µm−2
[Fig. 4 (c) inset]. The device is then cooled at B = 0 T
and S21 measurements performed to determine the Qi of
all 12 resonators as a function of B||, with B|| applied as
in Sec. III using the response of the resonator for field
alignment.
S21 versus f − fr for an example resonance at B‖ =
0 T, 0.1 T and 5.5 T [Fig. 4 (a)] shows a stable, high Qi
peak at all fields, a key requirement for their effective
use in superconducting circuits. Fitting the resonator re-
sponse to extract Qi versus B‖ [Fig. 4 (b)] reveals that
Qi ∼ 105 can be retained up to B‖ = 5.5 T. A dip in Qi
is observed at BESR ∼ 200 mT and is attributed to cou-
pling to an electron spin resonance that increases losses
in the cavity. This feature is observed in all resonators,
with the frequency dependence corresponding to param-
agnetic impurities with a Lande´ g-factor of ∼ 2 [Fig. 4 (b)
inset] as observed in [46].
As B‖ is increased, the resonator fr reduces [Fig. 4 (c)]
due to the increased rate of Cooper pair breaking
from the applied B||. It can be modelled as a
parabolic decrease in B|| as ∆fr/fr = −kB2||, with
k = pi48 [t
2e2D/~kBTc] dependent on t, Tc and D the
electron diffusion constant in NbTiN. With all other pa-
rameters known, we determine D = 0.79 cm2 s−1, con-
sistent with previous results [46]. The field resilience up
to B‖ ' 6 T is observed in all resonators, implying that
this is a generic recipe by which field resilient SC CPW
resonators can be fabricated (see the Supplementary In-
formation for measurements of all 12 resonators).
V. CHARGE READOUT OF A HYBRID InSb
NANOWIRE DEVICE AT 1T
Double quantum dots (DQDs) and high quality
factor SC CPW resonators in combination form a
superconductor-semiconductor ‘hybrid’ system allowing
for the high bandwidth sensing of DQD charge configu-
rations in a variety of material systems using techniques
from circuit quantum electrodynamics (cQED) [14, 55–
57]. More exotic hybrid systems such as spin qubits
[13, 25], Majorana box qubits [28] and spin-transmon hy-
brids also require the application of strong parallel mag-
netic fields, a condition that to date has proven challeng-
ing for traditional SC CPW resonators. To demonstrate
the importance of our field resilient patterned SC CPW
for hybrid systems we integrate a pair of InSb nanowires
into a λ/2 resonator and perform fast charge readout of
DQDs at a magnetic field of B‖ = 1 T.
The λ/2 resonator, holes and the electrostatic gates
required for forming the DQDs are formed in a sin-
gle lithography step followed by SF6/O2 reactive ion
etch of a 20 nm NbTiN film [see Fig. 5 (a)]. The holes
(d = 150 nm) are arranged in a hexagonal lattice with a
density of ρh = 3.2 µm−2. At each end of the resonator at
the electric field maxima, we deposit a single nanowire on
top of a set of 5 fine gates [Fig. 5 (a-c)]. A 30 nm layer of
sputtered SiNx electrically isolates the nanowire from the
underlying gates. Following sulfur etching to remove the
surface oxide from the InSb nanowire [58], 150 nm Ti/Al
contacts are evaporated on each end of the nanowire to
define the electrical potential in the nanowire. One con-
tact is connected directly to the central conductor of the
resonator, and the other end directly to the ground plane
to enhance the coupling between the DQD and the cav-
ity’s electric field [13]. By applying voltages to the elec-
trostatic gates, we can control the electron occupation in
the nanowire, either turning the device off, or tuning it
into a single or double quantum dot configuration.
Transmission measurements of the resonator with each
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FIG. 5. (a) Optical microscope image (b) scanning electron
microscope image and (c) 3D diagram of the hybrid device.
At each end of the cavity, a single InSb nanowire is deposited
on local fine gates. Ti/Al is used to contact the nanowire to
the resonator’s central conductor and ground. Local fine gates
(1-5) are used to electrostatically define the DQD. Coupling
capacitors control the photon lifetime in the cavity. (d) S21
versus f shows a single resonance at f = 4.922 GHz with
Ql = 1.8 x 10
4. (e) Ql as a function of B|| demonstrates
the resonator is unaffected by strong magnetic fields. Inset is
∆fr/fr versus B‖ displaying a small parabolic frequency shift.
nanowire depleted show a single resonance at frequency
fr = 4.922 GHz with loaded quality factor Ql ' 1.8x105
[Fig. 5 (d)]. The resonator is in the over-coupled regime,
with the coupling capacitances of the input and output
ports controlling the photon lifetime in the cavity.
The magnetic field B|| is applied parallel to the plane
of the resonator [Fig. 5 (e)], using the response of the res-
onator itself to align the field (as described in Sec. III).
Similarly to the λ/4 resonators, fr reduces parabolically
in B|| due to the increased Lk and Ql experiences a de-
crease at BESR ' 200 mT, corresponding to paramag-
netic impurities coupling to the cavity via electron spin
resonance [Fig. 5 (e) and inset].
Once the external magnetic field is aligned and has
reached B|| = 1 T, the resonator can be used for tun-
ing the charge occupancy in each of the nanowire DQDs
without DC transport. The DQDs are formed by mon-
itoring the microwave response of the resonator and us-
ing an applied voltage on outer gates 1 and 5 [Fig. 5 (c)]
to define a single QD, then using the middle gate 3 to
form a DQD. Electron transitions between the dot and
lead are a dissipative process that cause a reduction in
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FIG. 6. Measuring S21 at fr at B = 1 T as V on the fine gates
is varied generates charge stability diagrams of the right (a,b)
and left (c,d) nanowire DQDs. The electron occupation n
(m) of the left (right) QD can be modified by tuning the gate
voltages.
Ql, which can be observed as a reduction in the S21 peak
amplitude. Additionally, as the inter-dot tunnel coupling
rate of the electrons tc approaches fr, the transition co-
herently couples to the electric field in the cavity via a
Jaynes-Cummings type interaction. This results in a re-
pulsion of the resonator, shifting the resonator frequency
and changing the measured phase φ [55].
Monitoring the amplitude and phase fluctuations as
the plunger gates are varied allows the dot-lead and inter-
dot transitions to be identified and the charge stability di-
agrams for each of the DQDs to be measured at B|| = 1 T
[Fig. 6]. For the right DQD, gates 2, 4 and 5 are used to
define the dots while 3 and 5 control the electron occu-
pancy [Fig. 6 (a,b)]. In the left DQD the electrical con-
finement is defined by 1, 3, 5, and the charge occupancy
controlled by 2 and 4 [Fig. 6 (c,d)]. For each DQD, the
charge occupancy in the left (right) dot is denoted with
n (m).
The measurements were performed at B|| = 1 T, an
order of magnitude improvement over previous studies
[13, 26], and a magnetic field of relevance for numerous
topological quantum computing proposals [27, 28] and
the investigation of mesoscopic phenomena in hybrid sys-
tems under strong magnetic fields [18].
VI. CONCLUSION
These results indicate that by controlling vortex dy-
namics in SC CPW resonators a Qi ' 105 can be re-
tained in a perpendicular magnetic field of B⊥ ' 20 mT.
When combined with film thickness reduction to enhance
Bc1 , we establish a reliable fabrication recipe to create
SC CPW resonators that can retain a high Qi ∼ 105
in strong parallel magnetic fields up to B‖ ' 6 T. We
7demonstrate the importance of these techniques for hy-
brid systems by coupling a superconducting resonator to
DQDs electrostatically defined in InSb nanowires. Using
high frequency measurement techniques we demonstrate
device operation and determine the charge stability dia-
grams of two DQDs at B‖ = 1 T, a magnetic field of rele-
vance for mesoscopic physics studies and semiconducting,
topological and hybrid quantum computing schemes.
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